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The periodic injection n of electrons in a quantum conductor using periodic voltage pulses applied 
on a contact is studied in the energy and time-domain using shot noise computation in order to 
make comparison with experiments. We particularly consider the case of periodic Lorentzian voltage 
pulses. When carrying integer charge, they are known to provide electronic states with a minimal 
number of excitations, while other type of pulses are all accompanied by an extra neutral cloud of 
electron and hole excitations. This paper focuses on the low frequency shot noise which arises when 
the pulse excitations are partitioned by a single scatterer in the framework of the Photo Assisted 
Shot Noise (PASN) theory. As a unique tool to count the number of excitations carried per pulse, 
shot noise reveals that pulses of arbitrary shape and arbitrary charge show a marked minimum 
when the charge is integer. Shot noise spectroscopy is also considered to perform energy-domain 
characterization of the charge pulses. In particular it reveals the striking asymmetrical spectrum 
of Lorentzian pulses. Finally, time-domain information is obtained from Hong Ou Mandel like 
noise correlations when two trains of pulses generated on opposite contacts collide on the scatterer. 
As a function of the time delay between pulse trains, the noise is shown to measure the electron 
wavepacket autocorrelation function for integer Lorentzian thanks to electron antibunching. In order 
to make contact with recent experiments all the calculations are made at zero and finite temperature. 

PACS numbers: 73.23.-b,73.50.Td,42.50.-p,42.50.Ar 



This paper addresses the noiseless injection of a small 
finite number of electrons in a quantum conductor. In- 
deed, quantum effects become more and more accessible 
when only few degrees of freedom are controlled. During 
the last thirty years, research in this direction has lead 
to the possibility to manipulate quantum states with sev- 
eral degrees of freedom and to entangle particles making 
possible simple quantum information processing. Up to 
now most advances have been obtained in quantum op- 
tics with the manipulation of single photons emitted by 
atoms or semiconductor quantum dots, and in atomic 
physics with optical arrays of trapped cold atoms or ions 
More recently the manipulation of quantum states has 
become available in condensed matter systems using su- 
perconducting circuits and semiconductor quantum dots. 

A recent approach is the manipulation of single charges 
injected in a quantum ballistic conductors. Realizations 
of time controlled single charge sources have been re- 
ported in [l|-l5j and considered theoretically in |6l-ll3| with 
a particular focus on the energy resolved single electron 
source based on a quantum dot Injecting more than 
one electron requires a different practical approach which 
is the subject of this paper. We will consider the more 
general case of coherent trains of few undistinguishable 
electrons [13, [l3 which opens the way to entangle sev- 
eral quasi-particles but also to probe the full counting 



statistics [16] with a finite number of electrons [17]. The 
injection of single or of few electrons injected in a bal- 
listic one dimensional conductor lets envisage to paral- 
lel the flying qubit approach developed for photons [isl - 
20]. As opposed to Bose statistics, the Fermi statis- 
tics makes entanglement of several electrons injected in 
a quantum conductor more favorable and the Coulomb 
interaction, when not screened, the possibility to make 
non-linear interaction more easier than the Kerr effect 
used for photons. The ballistic conductors can be real- 
ized using high mobility 2D electrons confined in high 
quality III-V semiconductor hetero junctions. In addi- 
tion, applying a perpendicular magnetic field gives rise 
to one dimensional chiral propagation along the edge of 
the samples in the Quantum Hall regime. This, com- 
bined with nano-lithographied split gates, allows to im- 
plement quantum gates similar to that used in quantum 
optics: electronic beam splitters, electronic Fabry-Perot 
and Mach-Zehnder interferometers 
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But how to inject single to few electrons in a quantum 
conductor? Single electron pumps based on the Coulomb 
blockade of tunneling have been first realized using ordi- 
nary metallic systems [is*, 'i^ . They have potential ap- 
plication in quantum metrology but are not suitable for 
our purpose. First the conductor is usually not ballis- 
tic. Second the electrons are sequentially injected. The 
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lack of quantum coherence between electron tunneling 
events makes the injection of trains of few undistinguish- 
able electrons impossible. More recently itinerant quan- 
tum dots obtained using surface acoustic waves [25] have 
been shown able to transport single to two electrons along 
a depleted electron channel 0, HI- These systems may 
also have application in metrology. Because of the long 
coherence time of the spin, they could be used for spin 
based qubit operation and to carry quantum informa- 
tion between distant dots [4, l5| . Finally, the on-demand 
injection of a single electron emitted from a single en- 
ergy level suddenly risen at a definite energy above the 
Fermi sea of the leads has been realized using a quantum 
mesoscopic capacitor [26] in a non-linear regime [1]. The 
system can be viewed as the electronic analog of a fre- 
quency resolved single photon source and opens the way 
for new quantum experiments where single electrons are 
injected at tunable energy well above the Fermi energy. 
However this kind of on-demand emission is not gener- 
alizable to a coherent train of several undistinguishable 
electrons. 

We consider here a powerful and simpler way to in- 
ject a coherent train of n electrons in a single quantum 
channel of a ballistic conductor. Here spin is disregarded 
for simplicity. The principle, proposed by Levitov et al. 
in [13, [ill uses voltage pulses V{t) applied to one con- 
tact. For a quantized action e V{t)dt = nh^ n in- 
teger and h the Planck constant, exactly n charges are 
injected. As the current I{t) at the injecting contact is 
at all time equal to I{t) = j;^V{t) this is equivalent to 
write I{t)dt = ne. This is the simplest injection of 
charge that we can imagine. On the experimental level, 
it does not require the implementation of a quantum dot 
nor the combination of tunnel barriers or of several Quan- 
tum Point Contacts. For quantum bit applications this 
will improve the reliability as the delicate circuitry sim- 
plifies and reduces only to that necessary for quantum 
logic gate implementation. On the conceptual level, this 
apparently naive approach involves a non trivial Physics 
related to the deep properties of the Fermi sea. Indeed, 
injecting n charges in general does not mean injecting n 
electrons alone but also involves a collective excitation 
of the whole Fermi sea: a neutral cloud of electrons and 
holes. However the beautiful theoretical observation of 
ref. [l^ is that a voltage pulse with Lorentzian shape car- 
rying one electron is a minimal excitation state free of 
these neutral electron- hole excitations. More generally a 
combination of n Lorentzian having arbitrary shape and 
position in time but all carrying a unit charge of same 
sign is a minimal excitation state. The remarkable result 
of ref. IJ, Il5| has triggered several relevant theoretical 
contributions [ol, ll7|, 127 - 3QJ in which the property and po- 



tential use of the Lorentzian voltage pulses are discussed. 
An experimental implementation has been recently done 
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In the following, we explore some properties of the co- 
herent injection of several indistinguishable electrons by 
periodic voltage pulses applied on an Ohmic contact and 
we consider their characterization in energy and time do- 
main using shot noise. We compare different pulse shapes 
and also the departure from integer charge values and we 
include finite temperature effects with the aim to provide 
direct comparison to experiments ^] . The goal being to 
produce injection with minimal excitation, we will only 
consider the injection of charges with same sign as alter- 
nate sign charge injection was found in general not suit- 
able (see ref. [l^). Considering periodic pulses allows to 
use the powerful Floquet scattering theory approach of 
Ref. While Lorentzian shape pulses with n charges 
per period correspond to exactly n excitations fljl. 
pulses of arbitrary shape contain more excitations [28| 
whose number is calculated for sine, square and rectan- 
gular wave shape. We also address the case of non-integer 
charge pulses which was shown in ref. ^] to be the 
dynamical analogof the Anderson orthogonality catas- 
trophe problem [SJ. Here the periodicity introduces of 
cut-off in the long time log-divergent increase of electron 
and hole excitations at long time. The Anderson physics 
refiects in a marked minimum of neutral excitations for 
integer charge per period as theoretically observed in Ref. 
i28.]. 

In order to quantify the creation of extra electron and 
hole excitations, we need a physical quantity counting 
them. The right quantity is the low frequency shot noise 
of the electrical current already considered for dc trans- 
port 35I-[4q| where electrons injected by a dc voltage bi- 
ased contact are partitioned by a scatterer playing the 
role of an electronic beam splitter. In a quantum optics 
language, this can be viewed as a Hanbury-Brown Twiss 
experiment (HBT) with electrons. As remarked in the 
pioneering works or refs. 13, [lH, [111, shot noise is also 
expected when the electron pulse trains pass through a 
beam splitter. Indeed all excitations are partitioned ir- 
respective to their charge, and the shot noise counts the 
sum of electron and hole excitations while the current 
counts their difference. The current noise is then pro- 
portional to the number n of injected electrons, plus the 
number and of extra electron and hole excita- 
tions created per period, with = Nh by definition. 
Using the separation of the voltage pulse into its mean 
value, or d.c. part < V{t) >= Vd c and its ac component 
Vac{t) = V{t) — Vdc as in ref. [28|, the physics of voltage 
pulses can be conveniently discussed in the framework of 
Photo- Assisted Shot Noise (PASN) where both theoreti- 
cal 41 HI and experimental results [HI, liH are already 
available. At zero temperature, the excess noise ASj 
characterizing the extra excitations is then the difference 
between the PASN noise Sf^^^ due to V{t) = Vac + Vdc 
and the (transport) shot noise (TSN) Sj^^ that we 
would have with only the dc voltage V{t) = Vdc jlll~ 
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|40|, |49|, l50|. As AS I cx {Ne + Nh) and the current is 
/ = eiy{Ne — Nh-\-n) = n, being the frequency, minimiz- 
ing the noise at constant current implies = = 0. 
In terms of photo-assisted effect we will see below that 
this implies only absorption or only emission of photon, 
depending on the sign of the n charges injected. 

The paper is organized as follows. In section I we in- 
troduce the basic Physics of the photo-assisted effects in 
a quantum conductor with a contact driven by a peri- 
odic voltage source in the Floquet scattering approach. 
We then consider the PASN and the competition between 
PASN and TSN when both a dc bias and an ac voltage are 
applied. We recall the remarkable result of a singularity 
appearing in the derivative of the noise when eVdc = nhu^ 
i.e. for exactly n electrons in average injected per period 
T = 1/u making direct connection with the problem of 
periodic voltage pulses carrying integer charges. We also 
give the expression of the photo- assisted current. 

In section II we address the comparison between sev- 
eral types of integer charge pulses : the square, the sine, 
the rectangular and the Lorentzian. Using the PASN 
results of section I, we calculate the number of electron- 
hole pairs excitations via the excess noise. For compar- 
ison with experiments the computation is done for both 
zero and finite temperature. The hierarchy of the charge 
pulses regarding noise production is compared with the 
hierarchy of the pulses based on photo-current produc- 
tion. 

Section III addresses the case of non-integer charge 
pulses. We show that for all type of pulses, the number 
of electron-hole pairs rises for non-integer charges but is 
always minimal for integer charges (and even zero for in- 
teger Lorentzian pulses). For large non integer charge 
number, the number of neutral excitations quickly de- 
creases for Lorentzian while it remains finite or increases 
for other type of pulses. 

Section IV provides an energy domain characterization 
of the charge pulses using shot noise spectroscopy. We 
compute the PASN as a function of an arbitrary dc volt- 
age bias which provides a direct measure of the photo- 
absorption probabilities lH, |4l|, liHI, H, [H^ . In particular 
the Lorentzian pulses show an asymmetric PASN versus 
dc bias characteristic of the absence of hole type exci- 
tations while sine and square waves lead to symmetric 
PASN. 

Finally, section V gives a time domain characteriza- 
tion of the pulses by looking at the shot noise generated 
by trains of electrons colliding on the scatterer. In anal- 
ogy with Hong Ou Mandel (HOM) experiments [Hoj, a 
time delay between the pulse trains emitted by opposite 
contacts controls the overlap of electronic wavefunctions 
which reflects in noise suppression. Here, the gauge in- 
variance maps the HOM experimental scheme discussed 
here to a simpler Hanbury Brown Twiss (HBT) prob- 
lem with only one driven contact. For colliding single 
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FIG. 1: Under the effect of an ac voltage, electrons emitted 
far inside the contact acquire a time dependent phase on their 
way to the scattering region (the quantum conductor). For 
periodic voltage, frequency zy, the incoming electrons can be 
described by a quantum superposition of states at different 
energies e -\- Ihv. 



charge Lorentzian pulses the noise is directly linked to 
the wavepacket overlap of the injected charges while for 
other pulse shapes the cloud of neutral excitations also 
contributes to HOM noise. 

I Floquet scattering description of periodic 
voltage pulses applied on a contact 

We consider a quantum conductor with one contact, 
say the left (L), periodically driven by a voltage Vac{t) 
of frequency v = 1/T, see Fig|T] . Here, without loss 
of generality we choose the approach of refs. (iH, [Elj 
where the periodic potential is assumed to be screened 
in all other regions of the quantum conductor. The volt- 
age drop is assumed sharp on the electron wavepacket 
length but smooth on the Fermi wavelength. The quan- 
tum conductor has a small width compared to that of the 
leads and a small length L compared with the electron 
phase coherence length l^p such that electrons can prop- 
agate coherently over a length L on the leads. The 
region where electron loose coherence is called the reser- 
voir or contact, following the standard description of the 
scattering theory of quantum transport. We assume that 
the electron coherence time l^p/vp is large compared with 
the period T. We consider an electron emitted by the left 
reservoir at energy s in a state ~ exp(iA:(£)x) ex.p{—iet/h) 
with occupation probability /l(^) = l/{ex.p{e/kBTe)-\-l) 
where Tg is the electronic temperature and the Fermi en- 
ergy is the zero energy reference. From the left reservoir 
to the left entrance of the conductor, the electron expe- 
riences the potential Vac{t) and acquires an extra term 
exp{—i(j){t)) in its amplitude probability with time de- 
pendent phase: 

cPit) = 27rf [ Vac{t')dt' (1) 

J -OO 



4 



The Fourier transform of: 

+00 

exp(— Z(/)(t)) = pi ex.-p{—i27Tliyt) (2) 

I— —00 

gives the probabihty amphtude pi for an electron to ab- 
sorb (/ > 0) or emit (/ < 0) / photons. Eq. (2) expresses 
that an electron emitted at energy e enters the conductor 
in a superposition of quantum states at different energies 
e -\- Ihu. The knowledge of the pi completely defines the 
states of the incoming electrons. The magnitude of the pi 
depends on the reduced quantity a = eVac/hv where Vac 
is the characteristic amplitude of the ac voltage. Com- 
bined with the scattering properties of the conductor, 
all photo-assisted effects resulting from the absorption or 
emission of energy quanta hu such has the ac current, 
the photo-current and the photo-assisted shot noise, etc, 
can be calculated. 

The properties of the pi are best expressed in the frame 
of the Floquet scattering theory |32|] in which the contin- 
uous energy variable describing states in the reservoir is 
sliced into energy windows of width hu, i.e. e ^ e-\-Vhu 
with 6 now restricted to [—hv^ 0]. We can view the photo- 
assisted processes as the coherent scattering of electrons 
between the different energy windows. The scattering 
matrix S{e) = {Suf} relates the set of annihilation op- 
erators a^(6:) = {a^{s + I'hv)} operating on the states 
of the left contact to the set of annihilation operators 
SiL{s) = {aL{£ + Ihu)} of electrons incoming on the con- 
ductor : 



(3) 



with {Si'i} = pi-i'. The unitarity relations S = SS^ = 
I gives useful relations for the amplitude probabilities : 
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(4) 



In particular, the sum of the probabilities Pi = \pi\'^ to 
absorb or emit photons or to do nothing is equal to unity. 
As shown below and used in Section IV, the probabilities 
Pi can be inferred from Shot Noise spectroscopy, when in 
addition to the ac voltage a tunable dc voltage is applied 
between the contacts of the conductor. Note that the set 
of Pi does not contain all the information on the system. 
Indeed, the products ^ 0, i.e. the non-diagonal 

part of the matrix density, enters in the calculation of 
the coherence [54] as discussed in [53]. 

Photo-assisted shot noise : 

In the following we calculate the photo-assisted shot 
noise which occurs when the conductor elastically scat- 
ters the electrons. For simplicity we will consider a sin- 
gle mode (or one-dimensional) quantum conductor with 
transmission probability D as shown in Figl2l 
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FIG. 2: Electrons emitted by the left reservoir and pumped by 
the ac voltage in a superposition of states of different energy 
are scattered. The random partitioning between reflected and 
transmitted scattering states leads to current noise. The noise 
measures the sum of the number of holes and electrons which 
are photo-created. On the right is represented the energy 
distribution function /(e). It should not be confused with an 
incoherent distribution function as the non-diagonal terms of 
the density matrix are non-zero. 



Noise occurs only when an electron incoming from the 
left finds no incoming electron from the right or if a 
hole incoming from the left finds an incoming electron 
from the right. Indeed, because of the Pauli principle, 
or Fermionic anti-bunching, the case where two electrons 
or two holes are simultaneously incoming gives no noise. 
In the former case, the incoming charges are randomly 
partitioned by the conductor with binomial statistics. At 
zero temperature and for zero ac voltage the noise is zero. 
In presence of an ac voltage electron and hole excitations 
are created in the left lead. The photon-created elec- 
trons span energies above the right lead Fermi sea and 
the photon-created holes below the right lead Fermi sea. 
All the excitations contribute to partition noise, which is 
called the Photon- Assisted Shot Noise (PASN). Accord- 
ing to ref. [41I, im the low frequency current noise spectral 
density due to photo-assisted process Sf"^^^ is, includ- 
ing the Fermi distributions fL,R{^) of the left and right 
reservoirs : 

l=—oo 

+ (5) 

where 5? = 2\D{1 - D)h V is the typical scale of the 
PASN. The complete noise expression is obtained by 
adding the thermal noise of the reservoirs: ^kBTe^^\ • 
Its origin is the thermal fiuctuation of the population in 
the reservoir and is not related to partitioning nor to 
photo-assisted processes. In absence of ac voltage. Pi = 

2 

^^,0, the full noise reduces to thermal noise AksTeD^ 
and vanishes at zero temperature, as discussed above. 

In order to best extract the Physics, we first consider 
the zero temperature limit : 
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The sum in the right hand side is directly proportional 
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to the number of electrons and holes created respectively 
above and below the Fermi energy (chosen as the zero 
of energy). To understand this, let us consider for sim- 
plicity that only Pq and P±i are important and first con- 
centrate on the absorption process. Electrons below the 
Fermi surface at energy e — khv^ k positive integer, can 
be promoted to energy e — {k — l)hu with probability Pi. 
This global upward shift of the Fermi sea leaves the elec- 
tron population unchanged below Ef but fills the empty 
sates of energies G [0, hv] with occupation probability 
Pi, above Ep. Similarly, in the emission process, elec- 
trons are displaced to energies e — {k -\- l)hiy with prob- 
ability P_i. The downward shift of the Fermi sea gives 
no net change of the population of states with energy 
< —hu, while for the energy range [—hu^O] the popula- 
tion is now 1 — P-i. More generally the 1-photon pro- 
cesses give electron excitations above the Fermi sea with 
population Pi in the energy range [O^lhu]^ I > and 
holes excitations below the Fermi sea in the energy range 
[—Ihu^O], see FiglSl As the current of electrons emitted 
by the left contact and able to create a /-photon electron 
excitations is {e/h)lhv = lev [48], the number of corre- 
sponding electrons created per period is IPi. The total 
number of electron excitations generated per period is 
thus: 



+ 00 



1=1 



and similarly the number of holes : 

-1 

l= — oo 

and, from Eq.©, the PASN is : 
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To conclude this part we must emphasize that the en- 
ergy distribution function /^(e) = Z)£^oo ^ifLi^ - Ihu) 
depicted in Figl2] should not be confused with an in- 
coherent non-equilibrium population. If this were the 
case, even for a perfect lead {D = 1) one would expect 
a current noise associated with the population fluctua- 
tion (X / defL{£){l — as for thermal noise. In the 
present case the terms PiPi-\-k contributing to the non- 
diagonal part of the density matrix should not be forgot- 
ten. For example they are important for the multiparti- 
cle correlations considered by Moskalets et al. [52] or for 
the concept of electron coherence defined in analogy with 
quantum optics by Grenier et al. 0,[5^. These interfer- 
ence terms contribute to make the low frequency Photo 
Assisted Shot Noise strikingly vanishing at unit trans- 
mission. This was experimentally shown by Reydellet et 
al. (isl. In this work, the theory of quantum partition 
noise of photon-created electron-hole pairs, equations (jBJ- 
[9j), was experimentally checked from weak to large ac 



excitation and by varying the transmission. Motivated 
by this experiment, Rychkov et al [43] have theoretically 
shown that the electron and hole excitations contribut- 
ing to noise in Eq.® are not statistically independent. 
Eq.(|9|) was derived by Lee et al. ^], Levitov et al. [l^ 
and later by Keeling et al.[l5|. In the different context of 
periodic injection of energy resolved single electron and 
single hole from a quantum dot, a similar equation has 
been derived and experimentally tested by Bocquillon et 
al. [3] for the partitioning of single charges. Finally, as 
discussed below it is important to note that Eq.(j9]) mea- 
sures the number of electron and hole excitations only 
accurately at zero temperature. 

Photo- assisted and Transport Shot noise : 
We consider now a dc voltage bias Vdc > added to 
the periodic ac voltage Vac{t) on the left contact while the 
right lead Fermi energy is kept to zero. Let q = eVdc/hu 
be the number of electrons emitted per period due to 
the dc bias. The total number of left electrons partic- 
ipating to noise is g + ZltT ^-^i ~ ^ + ^e- The num- 
ber of holes generating partition noise is however re- 
duced by the positive shift of the left Fermi energy. For 
{n — l)hu < q < nhv the number of holes participat- 
ing to noise is reduced to ^'{^_^{—l — q)Pi < The 
shot noise expression (j9j) is then changed by replacing 
the \lhu\ terms by \lhu -\- eVdc\ as originally derived by 
Lesovik et al. and later by Pedersen et al. [4l|,|42|]. In ab- 
sence of ac voltage one recovers the transport shot noise 

SJSN = 2^^D{l-D)\eVac\. 

The mixed situation with both Vac and Vdc leads to 
interesting effects due to the competition between PASN 
and TSN . They are best displayed using the excess noise 
where the pure TSN is subtracted from the total noise: 

2 +00 

/\Si = 2-D{l-D)[Y, Pi\lhv^eVdc\-\eVdc\] (10) 

^= — oo 

This would correspond to an experimental situation 
where the noise measured with Vac on is subtracted from 
the dc transport shot noise measured with Vac off while 

keeping the dc voltage on Him. 

Finally, we can write reduced units for the excess shot 
noise A^/ = S^ANeh where : 
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(11) 



represents at zero temperature the total number ANeh 
of photon created electrons and holes not contributing to 
the TSN. 

The derivative of the excess shot noise ASj (or of 
ANeh) with respect to q shows remarkable singularities 
each time q — eVdc/hv is an integer n. At the singularity, 
the change of slope of the variation of ASi with positive 
(negative) Vdc is proportional to 2P_^ ( 2P^ ), for n 7^ 
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and (2Po — 1) for n = 0. Varying Vdc thus provides direct 
information on the Pi. Their direct measure is provided 
by the second derivative of the noise [45l-[47| : 



d^ANe-h/dq^ = (2Po - l)Sq,o 



(12) 



Applying a monochromatic sine wave to a contact, the 
noise singularities at dc voltage multiple of the fre- 
quency has been observed in a diffusive metallic wire by 
Schoelkopf et al. j45| via the second derivative of the 
noise, giving the Pi spectroscopy. Later the controlled 
suppression by a dc voltage bias of hole or electron exci- 
tation contribution to PASN has been discussed and ob- 
served in a Quantum Point Contact by Reydellet et al. 

. The extracted Pi quantitatively agrees with the ex- 
pected Bessel function. Inferring the energy distribution 
of photoexcited electrons from shot noise spectrocopy has 
been discussed in [46(1 Si nd was compared to tunnel spec- 
troscopy by Shytov [47|. In the different context of the 
energy resolved single electron and hole source using a 
mesoscopic capacitor, a similar shot noise spectroscopy 
was proposed by Moskalets and Biittiker [9] . In this same 
context, the concept of shot noise spectroscopy and equa- 
tion ([12]) has been extended to propose a full tomography 
of the electron and hole quantum states by Grenier et 
al. [1^. The Shot Noise spectroscopy is used in Section 
IV to analyze the excitation content of periodic charge 
voltage pulses. 

Finally, directly relevant to the topics of charge in- 
jection, the singularity at eVdc = nhv {q = n) corre- 
sponds exactly to the condition required for injecting n 
electrons per period. This is why the presentation of peri- 
odic charge injection using voltage pulses is particularly 
relevant and enlightening in the frame of PASN. This 
singularity is also a useful tool to characterize the car- 
rier charge in interacting systems. The superconducting- 
normal junction where conjugated electron-hole Andre'ev 
pairs carry twice the electron charge have been studied 
by Torres et al The finite frequency PASN noise of 
charge e and charge e/3 partitioned by a QPC was stud- 
ied in respectively the integer and the fractional quantum 
Hall regime at 1 /3 Landau level filling factor by Crepieux 
et al ^3 later by Chevallier et al. (58| . 

For comparison with realistic experimental situation, 
we provide the excess noise formula at finite electron 
temperature Tg. The excess noise is A6'/(l/ac, "K^c, ^e) = 
S^jANeh{a,q,Oe) where : 
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ANeh{a,q,ee 



J2 {l+q)coth{^-^)Pi{a)-qcoth{ ^ 
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(13) 

and 9e = ksTe/hv is the temperature in frequency units. 
At finite temperature ANeh{a, 0,0e) no longer represents 
a direct measure of A^e + as the excitations created in 
the energy range fes^e around the Fermi energy interfere 
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FIG. 3: Excess electron and hole particle for sine and square 
wave pulses carrying q — n integer charges per period at zero 
temperature. The asymptotic log divergence of the square 
for large number, as defined in the main text, is shown as a 
dashed line 



with thermal excitations. This reduces the shot noise 
which therefore misses these excitations [55j . 

Photo- assisted Current : Finally, we consider an other 
photon- assisted effect, the photo-current, which also de- 
pends on the probabilities Pi. We consider a weakly 
energy dependent transmission probability D{£) D ^ 
sdD /de and neglect the energy dependence of the trans- 
mission amplitude phase for simplicity. This situation 
is known to give a rectification effect characterized by a 
quadratic term in the low frequency I-V characteristic of 
the conductor. In terms of photo-assisted effect this leads 
to a dc photo-current whose expression is : 



+ 00 



h 



{hufdD/de ^^Pi 



(14) 



One can see that Iph gives information on the Pi and can 
discriminate between different types of ac signal. How- 
ever as shown in the next sections it is not as useful 
as shot noise as it can not distinguish between electron 
and hole excitations and in particular can not identi- 
fies the minimal excitation Lorentzian pulses. Indeed, 
Et-oo^'^'^ = ^S!mt)/dt\^ = {elhf{VUtf) and 
Iph gives the same information than a classical time av- 
eraging of V(t)'^ . This quantity is also proportional to the 
production rate of heat in the contacts I{t)V{t) ex V{tY . 

II Integer periodic charge injection 

In this part, we give the expression of the probabil- 
ities Pi associated with various type of pulses carrying 
q = n charges per period: the sine, the square and the 
Lorentzian. From the shot noise we establish the hierar- 
chy of the pulses in terms of number of e-h excitations 
AN We also calculate the photo-current and conclude 
that shot noise is the right quantity able to character- 
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FIG. 4: Photocurrent in arbitrary unit versus charge per pe- 
riod. We see that this photo- assisted effect can not probe the 
hierarchy of excitation content of different type of pulses. The 
dashed and doted curves are guide for the eyes. 



ize the cleanliness of the charge pulses. We consider a 
periodic excitation carrying a charge q = ne per period 
T = This occurs if 1/T j^^^ V{t')dt' = nhu. It is 
convenient to decompose the voltage into its mean value 
Vdc = nhu and its ac part Vac [2Si, «31] . 

For the sine wave V{t) = T4c(l — cos(2Tivt))^ we 
have Vdc = Vac = nhv/e. The emission and absorp- 
tion probabilities are given by integer Bessel functions 
with Pi = Ji{nY where Pi is calculated putting in the 
time dependent phase only the Vac term and not the dc 
voltage part. Then, we can directly use the PASN shot 
noise formula with dc bias (fTT]) to calculate the number 
of excitations (n > 0). Similarly, for the square wave 
V{t) = 2Vdc = 2hu/e for t G [0,T/2] and V{t) = for 
t G [T/2,T] (mod T). The probabilities are given by 
P] = A 772^^^-^T2 for odd / — n, P/ = for even / 



^ (/2_^2^2 J^^J^ uuu 6 — itj ri — \j iui even I — Ti^ 

and Pn{n)=l/A. Both the sine and the square wave have 
symmetric variation around zero voltage which implies 
symmetric electron and hole excitation creation. With 
Pi = P-i, equation (fTTj) now writes : 



AN,. 



+ 00 

= E 

l=n-\-l 



(l - n)Pi 



(15) 



The above expression is useful to provide the asymptotic 
expression of AN eh at large n for square wave pulses: 
ANehiny^ :^{\n{n) + 7 + 21n(2) - 1) where 7 is the 
Euler constant. For the sine wave case, no log divergence 
occurs as Pi o:^ 2^(en/2/)^ for / n. Figure [3] gives 
AA^e^ versus the number n of injected electrons for the 
square and the sine wave. Clearly the square wave pulse 
creates more excitations than the sine wave. 

We now consider the Lorentzian pulse whose behaviour 
is quite different. Strikingly we will see below that the 
Pi associated to the ac part of the voltage pulse are 
zero for / < —n. The expression for the periodic sum 



of Lorentzian pulses where each pulse carry n electrons 
and the Full Width at Half Maximum (FWHM) is 2W 
writes: 



V{t) 



ac 
7T 



+00 
k=—oo 



{t-kTf/W^ 



(16) 



where eVac = nhv. 

The total phase including the dc voltage part and 
using reduced time units u = t/T and 77 = W/T, gives: 



exp(-z<l>(t)) 



sin(7r('U + irf)) 
sin(7r(ii — ir])) 



(17) 



Remarkably, the above expression has only simple poles 
in the upper complex plane. This implies that its Fourier 
transform contains only positive frequencies. In physical 
terms, the total voltage only allows electrons to absorb 
photons, i.e. it induces a global upward shift of the Fermi 
sea with no hole creation. Going back to the decompo- 
sition into dc and ac part of the voltage: 



eV(t) 



hv sinh(27r77) 
2 sinh(7r77)^ + sin(7r2i) 



(18) 



with eVdc = nhu, the amplitude probabilities associ- 
ated with the only ac part are the Fourier transform of 
ex.-p{—i{^{t) — nut)) is: 



Pi 



^ / sin(7r(i^ 
Jo \s'm{7r{u 



sin(7r(i^ + if])) 
ir])) 



ex.p{i{l ^ n)u) (19) 



and the probabilities Pi = \pi\'^. From the above consid- 
eration on the analyticity of ^ we see that P(j^^_n) = 0. 
Note that this is consistent with vanishing negative fre- 
quency Fourier component for the total phase ^ as the 
pi differs from them by of shift of / into I — n. 

For n = 1 we find Pi = for / < —1, P_i = exp(— 47r77), 
and = exp(— M7r77)(l— exp(— 47r77))^. The expression of 
the Pi for integer charge number > 1 involves the same 
exponential factor exp(— Mttt^) and a Laguerre polyno- 
mial. The complete expression is given in the next part 
as a special case of fractional charges q when q = n. Us- 
ing = and equation (pT]) gives: 



ATVe^ = 



(20) 



The excess shot noise vanishes and only the transport 
shot noise of n electrons remains. The Lorentzian pulses 
are therefore minimal excitation states as no excess elec- 
tron and hole excitations are created. The n electronic 
excitations are however not concentrated on the energy 
window [Ef-,Ef + eVdc] but they occupy states above 
the Fermi energy with a weight exponentially decaying 
on the scale h/2W. 

We also compare the photo-current for different types 
of pulses, see FiglH For the square and the sine wave with 
n electrons the sum J]^^^ I'^Pi is 1 and 1/2 respectively. 
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FIG. 5: absorption / > and emission / < probabilities 
corresponding respectively to electron and hole particle cre- 
ation for periodic Lorentzian pulses of width W/T = 0.1 and 
various charge q per pulse. The asymmetric spectrum for 
q — 0.99 reflecting the lack of hole creation quickly leads to a 
symmetric spectrum for ^ 1. Lines connecting the discrete 
Pi values are guide for the eyes. 



This is consistent with the hierarchy found using shot 
noise which showed that the square contains more ener- 
getic excitations. For the Lorentzian, the sum is however 
non zero and given by coth(27r?7) — 1. It strongly in- 
creases with the sharpness of the Lorentzian shape. We 
conclude that the photocurrent can not characterize the 
neutral excitation content of charge pulses. 

Ill Periodic injection of arbitrary charges 

In this part, we calculate ANeh for arbitrary charge q 
carried per period. As in the previous part, we consider 
the square, sine and Lorentzian pulse shapes and also in- 
clude rectangular pulses. We show that AN^h oscillates 
with q and is locally minimal for integer q = n. For the 
sine wave Pi = Ji{qY while for the Lorentzian case the 
calculation of the Pi for non integer charges is less triv- 
ial. Physically one may expect that carrying non integer 
charges will involve more complex excitations. Mathe- 
matically, we immediately see that the term in the right 
hand side of equation (pT|) is no longer analytic in the 
lower plane when q^ replacing n, is not integer. We thus 
expect a proliferation of hole excitations contrasting with 
the integer case. The calculation is done in the appendix. 

Figure [5] shows the Pi for periodic Lorentzian pulses of 
width W/T = 0.1. The absence of components for / < 1 
when q — 0.99 c^i 1 strikingly contrasts with the case of 
q < \. For small q the Pi spectrum is almost symmet- 
rical with / signaling nearly equal electron and hole pair 
excitation creation. Figure [6] shows the evolution of the 
excess particle number (or excess noise) versus q from 
to 3 for square and sine wave pulses and for Lorentzian 
pulses of width r] = W/T = 0.1. We observe that, even 
if the square and the sine do not provide minimal exci- 
tations states, they do provide a minimum of excitations 
for integer charges. This seems to be a remarkable prop- 
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erty of the Fermi sea. A similar figure can be found in 
Ref. jUj. 

Figure [71 left, shows how the excess particle number 
evolves for Lorentzian pulses of different width. We see 
that for W/T > 0.1 the particle number becomes expo- 
nentially weak. Indeed the potential becomes close to a 
constant voltage V{t) ^ Vdc- For small width and half in- 
teger charge the electron hole excitation number is large 
but quickly decreases with q which contrast with the al- 
most constant value found for the sine wave and the in- 
creasing value for the square wave. For comparison, the 
right graph of figure [71 shows the excess particle content 
of discrete Dirac pulses (or rectangular pulses) of similar 
width W (the voltage pulses have amplitude h/eW for 
the time duration W and zero otherwise). Here again 
the excitation content is much larger. It increases with q 
which contrasts with the Lorentzian pulse behavior which 
definitely shows the lowest noise. 

It is interesting to see how the temperature affects the 
excess noise. As mentioned previously AN^h no longer 
measures the number of excess electron and hole quasi- 
particles with good fidelity. For simplicity we will keep 
the same notation but call it now the effective excess 
particle number. For sine and square waves there is only 
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FIG. 8: Effective excess electron and hole particle for sine 
pulses carrying q charges per period and for different values 
of the electron temperature Te . 




0,5 1 1,5 2 2,5 3 

charge per period q 

FIG. 9: Effective excess electron and hole particle for 
Lorentzian pulses of width W/T = 0.1 carrying q charges 
per period and for different electron temperature Te 



one energy scale to compare with the temperature, i.e. 
hu. For the Lorentzian case there are two energy scales 
hiy and h/2W. Figure [8] shows the sine wave case. We 
observe that the minima occur to higher q values. The 
effect is even more pronounced for the case of Lorentzian 
voltage pulses shown in figure [9] and is probably related 
to the stronger asymmetry of AN^^ with q around q = n. 
for T] = W/T = 0.1. The oscillations of AN^h are quickly 
damped by the temperature and when ksTe > 0.2hu are 
almost unobservable. 

To end this section, it is worth to note that the non 
integer charge considered here are injected in a non- 
interacting Fermionic system (more precisely a good 
Fermi liquid where interaction give rise to Landau quasi- 
particles). Extension to fractional charges in Luttinger 
liquids has been considered by The e/3 fractional 

charge of fractional quantum Hall edge states has been 
considered by Jonckheere et al. [59]. 

IV Energy domain: spectroscopy of the e-h 
pairs excitations 

In this part we use the Shot Noise spectroscopy tool 
discussed in I to analyze the periodic charged states in 
the energy domain. To do this, we compute AN^-h as a 
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FIG. 10: Zero temperature excess partition noise versus dc 
voltage in reduced units for sine amplitudes a = 1 and a = 2 
corresponding to single and double charge pulses when re- 
spectively q = 1,2. 



function of Vdc Here the dc bias q = eVdc/hu is no longer 
linked to the ac amplitude parameter a = eVac/hu. As 
explained in I, this allows to make a spectroscopy of the 
electron and hole excitations and infer the Pi from the 
excess noise variation with Vdc or from the first or second 
noise derivative with respect to Vdc- The calculations and 
graphs are done and displayed at zero and finite temper- 
ature. 

Figures [TOl and [TTl show the variations of AN versus 
q at zero temperature for respectively a sine wave and a 
Lorentzian wave. For each case we show the curves for 
two different amplitudes Vac corresponding to a = 1 and 
2. These amplitudes would correspond respectively to 
single and double charge voltage pulses when q = a = 1 
or 2 respectively. For sine and square waves ANeh{o^^q) 
is symmetric with q ( or Vdc ) as P/ = P_/. However 
it is asymmetric for the case of Lorentzian pulses. Such 
asymmetry is expected for pulses whose ac part of the 
voltage is not symmetrical with respect to zero voltage. 
But more relevant and striking, for the Lorentzian case 
the excess noise is zero for q > a (or eVdc > nhv)^ a 
direct consequence of zero for / < — n. 

The effect of finite temperature is shown on Figure [12] 
for a sine wave of amplitude a = 1. Finite temperature 
calculations are also shown in figure [T3l and figure [HI for 
Lorentzian pulses of width W/T = 0.1 with respectively 
a = 1 and 2. The relevant temperature needed to reveal 
the asymmetry of AN^h with dc bias for a Lorentzian is 
given by the width, the smaller the width, the higher the 
energy h/W dX which we find the contributions of the 
positive Pi responsible for the long tail at negative volt- 
ages. The other temperature scale is given by the ratio 
ksT /hv which controls the smoothing of the singularities 
at integer q. 

V Time domain: shot noise characterization us- 
ing collision of periodic charge pulses 
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FIG. 11: Zero temperature excess partition noise versus dc 
voltage in reduced units for Lorentzian amplitudes a = 1 and 
a = 2 corresponding to single and double charge pulses when 
respectively q— 1,2. 
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FIG. 14: Finite temperature excess electron and hole particle 
noise versus dc voltage in reduced units for Lorentzian waves 
of amplitude a = 2. 
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The time periodicity imposes that only information on 
a discrete energy spectrum is available and full charac- 
terization must be completed with a dual time domain 
information within a period. Here again, shot noise is the 
useful tool to provide this information. Inspired by the 
optical Hong Ou Mandel (HOM) correlation experiment, 
an electronic HOM analog can be built as a useful tool 
to infer the time shape of wave-packets where electrons 
emitted from two contacts with a relative time delay col- 
lide on the scatterer. A clear relation between shot noise 
and wavepacket overlap can be made for a single charge 
Lorentzian pulse. For other pulse shapes, it is expected 
that the contribution of the neutral excitation cloud gives 
an extra contribution to the shot noise. 

In a optical experiment, single photons are emitted 
from two distinct sources in each of the two input chan- 
nels of a semi-transparent beam-splitter. Photon de- 
tectors are placed on the two respective outputs and a 
time-delay between them, sizable with the photon wave- 
packet, is introduced. For zero delay, Bose statistics im- 
plies a constructive two particle interference where the 
two photons bunch and exit, at random, in one of the 
two output channels. The coincidence events are zero 
and the particle fluctuations (the noise) is doubled with 
respect to a Hanbury Brown-Twiss (HBT) experiment 
where only one photon at a time arrives on the beam- 
splitter. The latter situation is recovered when the delay 
r is much longer than the size of the wave-packets. For 
intermediate time delays the noise variation is directly 
related to the overlap of photon wavepackets [60|, [fiH . A 
similar experiment could be done with electrons with an 
artificial scatterer in the form of a controllable beam- 
splitter, i.e. a Quantum Point Contact. For zero time 
delay, Fermi statistics leads to a destructive interference 
for the probability of finding two electrons in the same 
output channel. In terms of charges counted by the de- 
tector (here the contacts of a conductor) there is always a 
charge arriving in each contact and consequently no cur- 
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rent fluctuations. The noise increases from zero at r = 
to the single particle noise value (similar to the photon 
HBT case) for time delay larger than the electron wave- 
packet. The difference between Fermion and Boson for 
HOM correlations has been discussed by Loudon [62j. 
An electronic HOM experiment has been proposed by 
Giovannetti et al. [63|. HOM shot noise correlation of 
electron-hole pairs using two phase shifted ac voltages 
of weak amplitude {eVac < hv) has been theoretically 
considered by Rychkov et al. [43]. Up to now, the theo- 
retical works have only addressed the case not discussed 
here of two single charges emitted from two ac driven 
quantum dot capacitors. In this case, the HOM noise 
has been calculated by Ol'khovskaya et al [7,]. In the adi- 
abatic regime the wavepackets mimic those emitted by 
a contact driven by Lorentzian voltage pulses carrying a 
single electron followed by a single hole (note that, ex- 
cept for well separated electron and holes, the alternate 
charge prevents to have clean excitations [14]). More re- 
cently, considering the same system Jonckheere et al. (l3| 
have looked to similar HOM correlations and including 
the effect of electron and hole collisions. Their analy- 
sis used the quantum electron optics frame developed by 



Grenier et al. [53|, |5J. Other recent theoretical works 
discussed various related situations [8-^1 Ql. l64j . In partic- 
ular ref.[9] considered a mixed situation where electrons 
emitted form a quantum dot capacitor collide with elec- 
trons from a voltage pulse source. Here we consider only 
voltage pulse electron sources. This regime was also ad- 
dressed by in C. Grenier's thesis (5^ . 

Practically, two generic situations, different in their 
geometry provide similar information: the zero magnetic 
fleld case for which the reflected path physically coin- 
cides with the input path (this corresponds in optics to 
the mirror facing the two sources and detectors); the high 
magnetic fleld case, using the edge states of the Quantum 
Hall regime where chiral propagation allows to geometri- 
cally separate input and output channels. The flrst case, 
provides simpler interpretation as the interaction are well 
screened (for example the electrons reservoirs formed by 
a 2DEG is a good Fermi liquid). The second case better 
mimics the optical geometry but the Coulomb interac- 
tion between co-propagating quantum Hall edge channels 
leads to fractionalization of the injected pulses, see [53]. 

In the following, the HOM shot noise of colliding trains 
of electron pulses is used as a tool to investigate the time 
shape of electron wavepackets. For simplicity we will 
consider, as above, a two terminal geometry in zero mag- 
netic fleld. The result can be directly applied to the edge 
state geometry. Indeed, the noise of a voltage pulse elec- 
tron source vanishes for unit transmission whatever the 
pulse shape is. The autocorrelation and cross-correlation 
are thus pure partition noise and have same amplitude. 
We consider the periodic injection of charges from both 
contacts with voltage V{t) and V{t + r) applied respec- 
tively on the left and right contacts. The scatterer has 
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FIG. 15: Electron shot noise versus the time delay r for Hong 
Ou Mandel like correlations for colliding Lorentzian (left) and 
rectangular (right) pulses The noise is normalized to Sj. 



transmission D. In order to compute the Shot Noise, 
we use the above photon-assisted Floquet scattering de- 
scription, with the left and right input operators deflned 
immediately at the left and right entrance of the elec- 
tronic beam-splitter (or scatterer) : 

ai(H)(£) = 5(£)^(^)xa°(^)(e) (21) 



with 



1 



i) (22) 



and c^L(t) = 2nf^J_^V{t')dt' and Mt) = 

271 V{t')dt' . Then the shot noise can be calcu- 

lated as in section II now using both the left and right 
amplitude probabilities. 

Interestingly, in the present case of energy indepen- 
dent scattering, the gauge invar iance property valid at all 
time, makes the electronic HOM problem formally equiv- 
alent to the calculation of the shot noise with a single 
contact, say the left, biased with the voltage difference 
V{t) — V{t-\-r) while keeping the right contact at zero. It 
is then obvious to have a zero HOM shot noise for r = 0, 
the case of maximal wavepacket overlap or maximal an- 
tibunching. However, the fact that the gauge invar iance 
allows to map the problem to a simpler problem does not 
prevent the HOM Physics to be the underlying process. 
Indeed, we will see below that the HOM noise is directly 
related to the overlap of the electronic wavefunctions for 
periodic trains of wavepackets carrying a single electron. 
A HOM realization not reducible to voltage drop dif- 
ferences via a gauge transformation would for example 
require the use of two single electron sources based on 
quantum dots f]\. 

Figure [15] gives the calculated shot noise in reduced 
unit Sj versus the time delay r/T for the collision of 
single charge pulses per period emitted by the left and 
right reservoirs. The left flgure corresponds to Lorentzian 
pulses of different widths and the right flgure to discrete 
Dirac pulses of similar corresponding widths {V{t) = 
h/eW ifO <t <W, V{t) = for W < t < T). For 
both cases the noise starts from zero at r = (perfect 
antibunching) and is maximum at r = T/2 where the 
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wavepacket overlap is minimal. For the Lorentzian case 
and W/T <C 1, the wavepacket s at r = T/2 are well sepa- 
rated and the noise is doubled as two electrons (one from 
the left, one from the right) contribute independently to 
single particle noise at each period. We note however 
that the noise for rectangular pulses exceed the value 
2. Indeed, rectangular pulses (which identify to square 
waves for W/T = 0.5) involve a large amount of neutral 
excitations which are measured in the HOM noise. 

How far can the HOM noise correlation be used to infer 
the single charge wavepacket shape in the time domain? 
Ideally, one expects the noise to be given by 2(1 — C(r)) 
where : 



C{r) = mt- 



■x/VF)\'^it-x/VF))(^ 



(23) 



and ^ denotes the wavefunction of the excess electron 
injected right above the Fermi sea by the pulse. For 
Lorentzian pulses, which are clean excitations, a clear 
positive answer can be given. The shot noise of single 
electron colliding Lorentzian pulse is: 



gColl 



8/3'^ sin{7TVTy' 



2/32 cos(27ri^T) + /J^ 



(24) 



The noise is zero for r = and for the case of infinite 
width W = 0). The maximum noise is Sj cosh{2nW/Ty 
for r = T/2. 

For W/T ^ (or /3 ^ 0), it goes to twice as 
expected for the partition noise of well separate single 
charge pulses alternatively emitted by the left and right 
contacts. In this limit, we can use the known expression 
for the wavefunction generated by a single Lorentzian 
voltage pulse : ^(t) (x l/(t + iW) This yields for 

the square of the wavefunction overlap C (t) — i+(Tj2wy^ 
and this agrees with the hmiting expression of Eq.(] 



5f°"(T)/5y -2(1 



1 



1 + iT/2wy 



r) 



(25) 



In the appendix we show that Eq. (j24|) is also proportional 
to 1 — C{r) even for the case of arbitrary overlap between 
pulses carrying single electrons. In the small W/T limit, 
close expressions have been obtained by Ol'khovskaya et 
al. and by Jonckheere et al. [Hj (see also C. Grenier 
Thesis [s^). In these works, single charges whose charge 
sign periodically alternates are emitted from an ac driven 
quantum dot capacitor and the trains of charges collide in 
a QPC. In the adiabatic ac drive limit, the wavepackets 
mimic those emitted by Lorentzian voltage pulses on a 
contact. 

Another striking property of the shot noise of colliding 
single charge Lorentzian pulses is the trivial effect of the 
temperature: 5'f^"(r,Te) = S'f ^^^(r, O)F(Te) 



l-£ 



l=oo 



Ip"^^ coth( 



Ihv 
2k bT, 



) 



(26) 
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FIG. 16: left figure: HOM noise at r = T/2 for a rectangular 
pulse normalized to twice the partition noise of a single pulse, 
versus pulse width; right figure: HOM noise of sine pulses 
versus r/T normalized to twice the partition noise of single 
charge (dashed line, right axis) and to twice the single pulse 
partition noise, solid line left axis 
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FIG. 17: HOM shot noise for sine (left graph) and Lorentzian 
(right graph) pulses versus time delay and carrying charges 
q = 0.5, 1, 1.5 and 2. 



The time delay variation and the temperature variation 
decouple: thermal fluctuations do not prevent to get ac- 
curate information on the time shape of the wavepacket 
but they only reduce the noise signal. As shown in the 
appendix this is not true for sine wave pulses and in gen- 
eral for other pulse shapes. 

All theses remarkable properties demonstrate that, for 
integer charge Lorentzian, the HOM Shot Noise does 
give information on the time domain shape of the charge 
wavepacket. This property is no longer verified for the 
case of non Lorentzian pulses as the neutral excitations 
contributes. The left graph of Figure [16] shows the value 
of the HOM noise of Dirac pulses time shifted by T/2 nor- 
malized to the partition noise of single pulses, denoted 
Sf^^. We see that when the overlap between pulses 
becomes negligible, the ratio tends to twice the single 
pulse partition noise. This doubling is expected as now 
two separate pulses are partitioned per period. For large 
overlap, the ratio found in Fig. ([16]) is well smaller than 
two because of antibunching. An inherent large overlap 
is also found for a sinewave, right graph of Fig. ([T6)) . 

Finally we have calculated the HOM noise of 
Lorentzian pulses for larger charge, including fractional. 
For non integer charge pulses we do not expect to get 
simple information on charge pulses in the time-domain 
because of the large content of neutral excitations ex- 
pected even for the Lorentzian case. The left and right 
graphs of Figure [17] show the shot noise for colliding sine 



wave and Lorentzian pulses for q = 0.5, 1, 1.5 and 2. For 
both pulse shapes the variation with r for q = 2 suggests 
a double structure related to the interference of several 
electrons. A detailed study of colliding pulses for large q 
will be given elsewhere [65j . 

To conclude this part, we have shown that the HOM 
electronic shot noise correlation provides meaningful 
time-domain information on the wavepacket. This is true 
however only for single charge Lorentzian which is a clean 
excitation. Other kind of electron generation is accom- 
panied by a cloud of neutral excitations which contribute 
to the HOM shot noise and prevent to get time domain 
information on the charge part of the excitations. 

Conclusion 

We have studied in detail the physics of periodic volt- 
age pulses carrying few electrons with the aim to giv e 
a useful basis for comparison with experiments |3lj . 
Shot noise, as emphasized in the pioneering papers on 
Lorentzian voltage pulses, is a tool of choice to char- 
acterize the charge pulses. We have exploited the pe- 
riodicity to show the intimate connection with the well 
established physics of Photo Assisted Shot Noise using 
the powerful Floquet scattering approach. We have used 
the known properties of PASN as a direct measure of the 
electron and hole excitation number and, when combined 
with transport shot noise, as a tool for spectroscopy of 
the excitations. In the later case this provides an en- 
ergy domain characterization of the pulses accessible to 
experiments. This information has been supplemented 
by a time domain study of the charge wavepackets us- 
ing HOM-like pulse collisions. The gauge invariance 
was used to map the charge pulse collision problem to 
the partitioning of neutral pulses. The comparison of 
different pulse shapes emphasizes the peculiar nature 
of Lorentzian pulses with integer charge as ideal elec- 
tron source. We have also considered pulses with arbi- 
trary charge and show that they always contain a large 
number of neutral excitations, even for Lorentzian, a 
manifestation of dynamical orthogonality catastrophe for 
Fermions. For large arbitrary the low noise property 
of Lorentzian remains remarkable as the neutral excita- 
tion content rapidly decreases with q while it shows a 
logarithm increases for rectangular shape pulses of same 
width, or remains almost constant for sine wave pulses. 

Integer charge Lorentzian pulses deliver a noiseless 
source of few electrons. One expects many applications in 
quantum physics. For example by repeating the injection 
of clean coherent packets with same electron number and 
measuring the charge arrived in contacts, the full count- 
ing statistics of few electrons partitioned in quantum con- 
ductors become accessible. One may also envisage to 
explore the Fermionic statistics of multiple electrons col- 
liding of a beam splitter or interfering in Mach-Zehnder 
interferometers. Integer charge Lorentzian pulses are 
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also the appropriate source for realizing electronic fly- 
ing qubits and to entangle few electrons in ballistic con- 
ductors. Finally the powerful approach of Lorentzian 
pulses could flnd similar applications in fermionic cold 
atom analogs. 
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Appendix 

Lorentzian voltage pulses carrying arbitrary charge: 
In this part we calculate the amplitude probabilities pi 

for Lorentzian pulses with arbitrary charges. We start 

with equation (p!9|) with n replaced by q : 

p. = f\u( ^^-i-i- + ^^)y ) ' exp(.2.(^ - (27) 
Jo \sm{7r [u - IT])) J 

Here, the physical decomposition of the voltage into dc 
and ac part is essential to avoid ill mathematical behav- 
ior. While the Fourier transform of exp(— z$(t)) leads to 
divergent logarithmic terms as <I>(T~) — <l>(0+) = 27rq is 
not a multiple of 27r, that of the phase associated to the 
ac part is well deflned as (/>(T~) — (/)(0+) = . 
Deflning z = exp(z27ri/) and f3 = exp(— 27r7^) 

As /3 < 1 and the integration contour over z is on the 
unit circle, both the numerator and the denominator are 
convergent series of positive powers of /3z and /3z respec- 
tively. The integral reduces the double series expansion 
to a single power series of /3 by imposing that the power 
of z under the integrand is zero. After some algebra we 
get : 

for I > 0, and 

^' ^ '^'^^ " {py.{q-\l\-p)m+p)r 

(30) 

for / < 0. Interestingly, while for non integer q the sum 
are inflnite (but quickly convergent), for q=n the sums 
reduce to the expected polynomial expressions of order 
n — 1 and the terms for / < —n vanish. Indeed when 
the terms {q — k)\ and {q — \l\ — p)l in the denominator 
of respectively the flrst and second above expressions are 
negative integer, they take inflnite values which therefore 
truncate the inflnite series. 
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HOM Shot Noise calculation: 

Calculating the HOM noise of colliding electron pulses 
generated at opposite contacts when applying voltage 
Vl = V{t - r/2) and Vr = V{t + r/2) on left and right 
contact respectively, is equivalent to calculate the noise 
when applying V{t — r/2) — V{t-\-r/2) on the left contact 
only. The resulting zero temperature shot noise is then: 



+ CO 



k= — oo 



where 



_ -i2nukT/2 



(E 



PlPl-k^ 



i27rulT\ 



(31) 



(32) 



(33) 



where pi takes the same values as in the main text and is 
associated to the unshifted potential V{t). Because the 
effective voltage V{t — r/2) — V{t -\- r/2) has symmetric 
weight for positive and negative values and is symmetric 
in r we have 11^ = E^^ . The shot noise computation 
then reduces to calculate: 



Si/S^j=2j2\kmk 



(34) 



k=i 



HOM Noise of periodic single charge Lorentzian pulses: 

To calculate the we use the exact values : = 
0, p-i = —/3 and P{i>o) = (1 — Z^^)/^^ obtained for single 
charge q = I Lorentzian voltage pulses . Injecting these 
values in Eq. (|33|) we find: 



(2 



1 - /32e 



2^i27rr 



-i2nlT/2 ^ 



i27rr 



1 - /32e 



2^i27TT 



(35) 



(36) 



This allows to calculate the HOM shot noise for single 
charge colliding periodic Lorentzian pulses: 



^i27TT 



2^i2-KT 



(1 - r (37) 



which gives Eq. (|24|) of the main text. 

To calculate, the temperature dependence one have to 
replace in Eq.(|36l) |/| by I coih{lhv/2kBTe) - 2kBTe/hv. 
Interestingly, as H^>i = Hi/3^^, we see that the r depen- 
dence is only included in Hi. The temperature depen- 
dence of the HOM shot noise decouples from the r de- 
pendence. The temperature only reduces the noise but 
does not affect the shape. 



HOM Noise of periodic sine wave pulses: 
Rather than calculating the H^ using Eq. (|33|) . it is bet- 
ter to remark that the difference of two sine wave volt- 
ages, time shifted by ±r/2, is also a sine wave. We get 
H/ = Ji(2q^m{T:vr)) for arbitrary charge q per period. 
This gives 



(2^/J^(2(7sin(7ri/r))^ 



and 



SY''''/2S'j 



HBT 



/Jz(2(7sin(7r^^r))^ 



(38) 



(39) 



The temperature dependence of the HOM signal can 
be calculated by replacing |/| by I coth.{lhu/2kBTe) — 
2kBTe/hv. We see however that the series of Bessel func- 
tions in the above expressions does not allow a decoupling 
of the r and Tg dependence and the HOM shape is ex- 
pected to change with temperature. Indeed, the change 
affects electron and holes pairs with Ihv ^ /c^Tg which 
interact with thermal excitations. 

Wavepacket interpretation of the Floquet scattering ap- 
proach: 

Here we show that the Floquet approach finds a useful 
wavepacket interpretation which allows to calculate the 
single electron wavefunction in the time domain for single 
charge pulses. The wavefunction overlap can then be 
computed and be compared with the HOM shot noise. 
This approach is restricted to zero temperature. 

We start with the Martin Landauer wavepackets [39| 
defined in the energy bandwidth hv. Without loss of 
generality the wavefunctions describing the states of the, 
say left, reservoir ~ ^-t£it-x/vF)/h labeled by the 
continuous energy variable e can be transform into a set 
of orthogonal wavepackets (Pn,i{t — x/vp) defined by in- 
tegration over the energy window e G [lhv^(l + l)hv]. 
Defining u = {t — x/vf)/T: 



(fn,l{t-x/vF) 



1 



sin(7r(ii — n)) 



^J2jxWf 7r(ii - n) 



-i27Tu{l-\-l/2){u-n) 



(40) 



Using the annihilation operators ^ acting on the Fock 
states of the unperturbed reservoir, the Fermion operator 
before the action of the ac potential is: 



^\t - x/vf) =Y.Y. ^nA^ - ^/^^)^n, 



(41) 



with (a^^^i^a^A = Sn,n'^i,i'fi and = 1 for / < and 
fi = for I > 0. After the electrons have experienced the 
potential V{t), the electron Fermion operator becomes: 



$(t - x/vf) = ^Y1 ^Pk^ri,l{t ■ 



x/vF)o:^nd- 



(42) 
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We see that the ac potential does not mix wavepackets of 
different n but only wavepackets of different energies and 
same n (we can also see that "^iPi^n^iit — x/vp) forms 
a new orthogonal basis of wavefunctions). 

Hong Ou Mandel correlation for single charge 
Lorentzian periodic pulses : We remind that the HOM 
noise associated with independent Lorentzian voltage 
pulses carrying one electron is directly related to the 
overlap of the electron wavefunction in the beam splitter. 
Here we would like to see if a generalization is possible 
in the case of a periodic train of overlapping Lorentzian 
pulses still carrying only one electron. To do that, in- 
stead of the wave function overlap we consider the time 
average hermitian product of the electron Fermion op- 
erators with a relative time-shift r. Using the reduced 
variable = r/T it is given , before time averaging, by: 

W nn' kk' 



Vk'Pk^l'^i'+k'i:^ + 2)^n,i+k{u - -){al^>^i>al^i) (43) 

After time averaging and subtracting the contribution 
of the Fermi sea (i.e. with no V{t)) we get : 



(M/t(w+-)M/(u--)) 



sin(7r6') 



C(t) (44) 



where: 



C{t) 



27Tk9 



(45) 



For the presently considered case of periodic Lorentzian 
voltage pulses carrying unit charge and using the proba- 
bilities defined with respect to the total voltage V{t) = 

Vdc + Vacit), i.e Po - 1 = _ 1 Pi = {l- /?2)2^2(/-l) 

for 1, we get: 



C(t) 



2\2 



1 - 2/32 cos(27rT/T) + 



(46) 



It is then straightforward to show that 1 — C(r) yields 
the HOM shot noise given by Eq.(|24]), i.e. . 



-yHOM 



= 25°(1 -C(t)) 



(47) 



Thus, even for overlapping pulses (but carrying a single 
electron), the HOM noise can still be interpreted as a 
measure of the overlap of the electronic wavefunction. 
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